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Correspondance : jean.molinier@ibmp-cnrs.unistra.fr ARGONAUTE proteins (AGO) are key effectors of the RNA silencing pathways involved in the regulation of gene expression and in antiviral defense (Vaucheret, 2008). Among the 10 AGO proteins present in Arabidopsis, AGO1 is essential for plant development and defense response, participating in both miRNA-and siRNA-mediated gene silencing (Vaucheret, 2008).

Given that AGO1 depletion is lethal, only hypomorphic mutant plants are viable and display a large variety of developmental phenotypes (Vaucheret, 2008). Importantly, the fine tuning of AGO1 content is an important process orchestrated by several different pathways [START_REF] Cho | Post-Translational Regulation of miRNA Pathway Components, AGO1 and HYL1, in Plants[END_REF]. It was recently described that the mode of action of AGO1 is not only restricted to the post-transcriptional gene silencing pathway taking place in the cytoplasm. Indeed, several nuclear AGO1 functions have been identified [START_REF] Bajczyk | Novel Nuclear Functions of Arabidopsis ARGONAUTE1: Beyond RNA Interference[END_REF]. Thus, the characterization of the different AGO1 pools implies that specific subcellular pathways might trigger AGO1 turnover and that complex regulatory processes might interplay to specifically fine tune AGO1 content.

Using a genetic screen designed to uncover factors involved in the miRNA pathway, Ré et al. (2019) showed that an effector of the Polycomb Repressor Complex 2, the histone methyltransferase CURLY LEAF (CLF), regulates an AGO1 negative regulator, the F-BOX WITH WD-40 2 protein (FBW2; [START_REF] Earley | An endogenous F-box protein regulates ARGONAUTE1 in Arabidopsis thaliana[END_REF]. Ré et al. (2019) demonstrated that AGO1 is preferentially degraded when bound to RNA targets (Figure 1). This study depicts a good example of the complexity and of the multilayer (direct/indirect) control of AGO1 homeostasis.

Regulation of AGO1 content

Both post-transcriptional and post-translational processes fine tune AGO1 contents. A selfregulation pathway involving the miR168 negatively regulates AGO1 transcripts by mRNA cleavage (Figure 1) modulating the proper assembly of the RNA-Induced Silencing Complex.

Strikingly, AGO10 also acts as a negative regulator of AGO1 content by loading preferentially a 22-nt miR168 isoform and by translation inhibition (Figure 1; [START_REF] Mallory | Redundant and Specific Roles of the ARGONAUTE Proteins AGO1 and ZLL in Development and Small RNA-Directed Gene Silencing[END_REF][START_REF] Iki | Structural Flexibility Enables Alternative Maturation, ARGONAUTE Sorting and Activities of miR168, a Global Gene Silencing Regulator in Plants[END_REF]. This highlights that AGO1 and AGO10 interconnect to efficiently control AGO1 homeostasis likely in a tissue-specific manner.

The post-translational regulation of AGO1 has also been reported to play an important role during plant-virus interactions. Following virus infection both miR168 and AGO1 mRNA accumulate whereas AGO1 protein content decreases suggesting that post-translational pathway may act as a negative regulator (Figure 1). Indeed, several viral suppressor proteins hijack the plant silencing machinery by either direct interaction with AGO1, inhibiting its cleavage activity or by triggering AGO1 destabilization (Figure 1). The AGO1 proteolytic degradation, in a viral context, was shown to be predominantly mediated by autophagy (Figure 1). In the presence of the viral suppressor P0 of the Turnip yellows virus, considered to be an F-box like protein, AGO1 co-localizes with the autophagosomal membrane protein ATG8 [START_REF] Derrien | Degradation of the antiviral component ARGONAUTE1 by the autophagy pathway[END_REF]. Moreover, in the presence of P0, AGO1 protein content increased in response to autophagy inhibitor whilst it remained unchanged in the presence of proteasome inhibitor. These results support the idea that autophagy-dependent AGO1 destabilization is likely the main pathway involved in the regulation of AGO1 content during viral infection. Nevertheless, the P25 silencing suppressor of the Potato virus X, targets AGO1 destabilization through the Ubiquitin-proteasome system (UPS), suggesting that AGO1 content could be regulated by more than one degradation pathway (Figure 1).

In a non-viral context AGO1 was described to be negatively regulated by FBW2 (Figure 1), which is an F-box protein known to mediate the ubiquitination of interacting targets [START_REF] Earley | An endogenous F-box protein regulates ARGONAUTE1 in Arabidopsis thaliana[END_REF]. FBW2 expression is under the control of the histone methyltransferase CLF (Figure 1) involved in the deposition of the repressive trimethylation mark on the lysine (K) of histone H3 (H3K27me3). Interestingly, CLF-mediated regulation of FBW2, and thus also of AGO1, appeared to be tissue-specific (Ré et al., 2019). Both, high amount of ubiquinated AGO1 and strong reduction of AGO1 levels have been detected in clf mutant plants compared to WT control Arabidopsis plants (Ré et al., 2019). This demonstrates that the facultative heterochromatin mark, H3K27me3, represses FBW2 expression, linking indirectly the epigenomic landscape dynamics to AGO1 ubiquitination/turnover. SUMOylation, another process biochemically related to ubiquitination, was described to negatively regulate human Ago2 stability, the ortholog of the plant AGO1, showing that a panoply of ubiquitin-related mechanisms target AGO proteins to degradation. Moreover, hydroxylation of the human Ago2 proline 700 enhances Ago stability. Impairment of Ago2 hydroxylation in the presence of the proteasome inhibitor MG132, restores Ago2 contents, highlighting that particular posttranslational modifications (PTM) likely antagonize the proteasome-mediated degradation pathway. Thus, an important issue would be to decipher whether hydroxylation, SUMOylation or even other types of PTM (i.e phosphorylation) could affect the stability of the plant AGO proteins in response to particular growth conditions or in a tissue specific manner and how these PTM could interplay with the proteolytic mechanisms (Figure 1).

AGO1 homeostasis in response to abiotic stresses

AGO1 plays an important role in plant response to various abiotic stresses such as salt and cold [START_REF] Dolata | Salt Stress Reveals a New Role for ARGONAUTE1 in miRNA Biogenesis at the Transcriptional and Posttranscriptional Levels[END_REF][START_REF] Liu | Arabidopsis ARGONAUTE 1 Binds Chromatin to Promote Gene Transcription in Response to Hormones and Stresses[END_REF]. miR168 is induced upon Abscisic acid treatment, suggesting that the cytoplasmic post-transcriptional AGO1 regulation is also mediated by environmental stresses.

Interestingly, it was recently described that the mode of action of AGO1 is not only limited to the cytoplasm [START_REF] Bajczyk | Novel Nuclear Functions of Arabidopsis ARGONAUTE1: Beyond RNA Interference[END_REF]. Indeed, nuclear AGO1 functions have been characterized (Figure 1) and involve miRNA loading [START_REF] Bologna | Nucleo-cytosolic Shuttling of ARGONAUTE1 Prompts a Revised Model of the Plant MicroRNA Pathway[END_REF], chromatin control of miRNA or protein coding genes expressions (Dolota et al., 2016;[START_REF] Liu | Arabidopsis ARGONAUTE 1 Binds Chromatin to Promote Gene Transcription in Response to Hormones and Stresses[END_REF], DNA repair of photolesions (Schalk et al., 2017). Collectively, these studies revealed that several different subcellular pathways (cytoplasmic and nuclear) likely exist to control AGO1 homeostasis.

A novel function of AGO1 in the repair of UV-induced DNA lesions has been established (Schalk et al., 2017). AGO1 forms a nuclear complex with the DNA repair factor DNA Damage Binding protein 2 (DDB2), to initiate, within chromatin, an siRNA-mediated repair of UVinduced DNA lesions (Schalk et al., 2017). Interestingly, upon recognition of photodamage the DDB2-AGO1-siRNAs complex is released from the damaged sites (< 30 min) in an Ataxia telangiectasia and Rad3-related (ATR)-dependent manner (Schalk et al., 2017). Given that DDB2 degradation upon UV stress depends not only on the CULLIN4-DNA Damage Binding protein 1A (CUL4-DDB1A) ubiquitin E3 ligase complex, but also on ATR it could be assumed that this particular AGO1 pool may indirectly be targeted to the UPS through its association with DDB2. Therefore, an important issue would also be to consider that AGO1 homeostasis may rely on the post-translational regulation of its interactors.

Interestingly, clf plants display UV hypersensitivity and reduction of both cytoplasmic and nuclear AGO1 pools (Ré et al., 2019). While it is known that some ubiquitin E3 ligase complexes predominantly act in the nucleus (i.e CUL4-DDB1), it remains unknown whether an FBW2 nuclear pool exists or whether nuclear autophagy may also contribute to AGO1 turnover in plants. Therefore, the proper regulation of AGO1 contents upon UV exposure, may rely on coordinated nucleo-cytoplasmic proteolytic mechanisms in which CLF and therefore FBW2 may contribute (Figure 1). It should hence be of great interest to decipher the subcellular dynamics of the discrete AGO1 pools and to identify their regulatory complexes in response to environmental stresses and/or in particular cellular niches. Such line of investigation represents an important challenge in the comprehensive study of AGO1 homeostasis.

In the nucleus, AGO1 is involved in miRNA loading, transcription and DNA repair. It could be assumed that AGO1 homeostasis is regulated through ubiquitin-mediated proteolytic pathways that remain to be identified.

The histone methyltransferase CURLY LEAF (CLF) acts as a negative regulator of FBW2 expression. When FBW2 expression is released (i.e in clf mutant plants) AGO1 is ubiquitinated and destabilized when bound to RNA targets. 
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Figure legend

AGO1 is ubiquitinated (Ub) and predominantly targeted to autophagy and/or to a lower extend to the Ubiquitin-proteasome system (UPS).

During plant development, in a tissue specific manner and in response to environmental stresses AGO1 content is modulated through (i) the self-regulation pathway involving the miR168 that negatively regulates AGO1 transcripts (ii) AGO10-mir168a-mediated translational inhibition (iii) putative post-translational modifications (pink circle) (iv) the F-BOX WITH WD-40 2 protein (FBW2) that destabilizes AGO1 in a ubiquitin-dependent manner.